Introduction
It is becoming increasingly apparent that catalysis by the extracellular fungal peroxidase, lignin peroxidase (Lip), involved in the oxidative degradation of polymeric lignin, can be significantly enhanced by the addition of the fungal secondary metabolite veratryl alcohol (VA; 3,4-dimethoxybenzyl alcohol). Lip is a haem-containing glycoprotein, structurally similar to horseradish peroxidase (HW) (one iron protoporphyrin IX in the high-spin pentacoordinate ferric state with histidine co-ordinated as the fifth ligand [1, 2] ; similar sequence of amino acids at the active site [3, 4] ) and with a similar overall three-dimensional structure to cytochrome c peroxidase [S] . It reacts with H,02 similarly, to form Compound I, an oxy-ferry1 high-spin complex with porphyrin cation radical [6] . Compound I, a two-electron oxidized intermediate, can be reduced back to the native state in two steps of single electron reduction via Compound 11, a spectroscopically identifiable low-spin intermediate. LIP catalyses the single-electron oxidation of a broad range of dimethoxylated aromatic compounds with reduction potentials of the respective radical cations of up to 1.5V versus standard calomel electrode (SCE) [7, 8] . However, the mechanism by which VA participates in enhancing the reactivity of this enzyme has not been satisfactorily resolved and forms the subject of this paper.
Reaction enhancement of Lip catalysis with VA was first demonstrated using the monomethoxylated aromatics 4-methoxymandelic acid (4-MA) and anisyl alcohol in 1986 [9] . Since then a [20] . On the other hand, VA, which is a dimethoxylated aromatic compound, is also readily oxidized by LIP at the expense of H,Oz 1211. In an aerobic environment in the absence of any other reductants, veratraldehyde is the major product, oxygen is consumed [22] , and minor quantities of quinones and muconic acid derivatives can be identified [23] .
The simplest explanation for reaction enhancement of Lip catalysis by VA derives from the realization that radical cations can act as charge transfer agents [24] (eqn. 1) and that the immediate products of the Lip-catalysed oxidation of VA are radical cations (VA+ ').
However, a satisfactory rationale which is able to explain all the observed data has not yet been achieved due to uncertainty over the mechanism by which VA is oxidized by Lip, the properties of VA+', and whether VA+' are indeed products of the Lip-catalysed oxidation of VA. M-'.s-') and that reduction of Compound I1 to the native state was slow (first-order rate constant of 0.1 s-I) and independent of any change in the VA concentration [31] . We also reported that reduction of Compound I1 with H20z as the oxidant was independent of VA concentration and slow (2-6 s-I), whilst rapid scan spectral analysis indicated that the reaction did not comply with peroxidase (irreversible reduction of both Compound I and 11) PingPong kinetics [32, 33] .
Are Va+ the products of the Lip-catalysed oxidation of VA?
ESR spectroscopy has been successfully applied to detect radical cations as products of the LiP-catalysed oxidation of certain methoxybenzenes [ 81. However, those of VA and of some 1,2-methoxybenzene congeners are notable exceptions, possibly due to their asymmetry which gives rise to a large number of lines in the ESR spectrum (S. Steenken, personal communication). The inability to detect VA+' has been taken to indicate that VA" are too short-lived and, consequently, unlikely to play a role as charge-transfer mediators. Nevertheless, data from NMR spectroscopy are consistent with the view that VA+' are indeed the immediate products of the Lip-catalysed oxidation of VA [34] (see also below).
In order to resolve the mechanism by which VA is able to enhance catalysis by Lip, as well as to clarify the enzyme mechanism by which VA is oxidized, we applied radiation chemistry techniques to study the properties of VA+' formed in isolation of the enzyme [35] . In this paper we re-evaluate VA-enhanced oxidations catalysed by Lip. Our study draws upon data pertaining to two previously characterized model systems, involving the LiPcatalysed oxidation of the polymeric dye Poly R [ 171 and of the monomethoxylated aromatics, 4-MA and anisyl alcohol [9] . The salient points of the model systems are outlined below. 
Oxidation of

Oxidation of 4-MA by Lip
Oxidation of 4-MA will yield anisaldehyde and CO2 after C-C side-chain cleavage of the respective radical cation. However, in an aerobic environment under conditions that would normally support steady-state turnover by Lip using VA, only trace quantities of anisaldehyde can be detected [9].
4-MA can be oxidized by Lip Compound I
(k= 1.5 X lo3 M -' . s -' [32] [32] . However, veratraldehyde is not a product of this reaction and products other than anisaldehyde are not detected, even in reactions containing equimolar concentrations of 4-MA and VA [32] . In an aerobic environment, yields of anisaldehyde are superstoichiometric with respect to the amount of H202 supplied [9] , consistent with the participation of O2 in the reaction (L. P. Candeias [9, 36] ; confirmed by [30, 37] ). In the presence of VA, oxidation of anisyl alcohol is stimulated, but in contrast to the situation with 4-MA (see above), both anisaldehyde and veratraldehyde are detected. However, substitution of veratryl alcohol with 1)-veratryl alcohol enhances the yield of anisaldehyde almost 3-fold, and the yield of veratraldehyde is correspondingly reduced [ 381.
Spectral properties, life-time and decay kinetics of veratryl alcohol radical cations generated using radiolysis techniques VA was reacted with the strong oxidant TI2+ generated by a pulse radiolysis system in deaerated aqueous solution at a pH of approx. 3 (see [35] for details). In this way the veratryl alcohol radical cation was generated in < 0.1 ms, which allowed the study of its spectral properties and decay kinetics. The absorption spectrum of VA+* exhibits two maxima at 300 and 420nm, with molar absorption coefficients of E = 6900 M-I *cm -' and E = 2800 M-l*cm-l respectively (Figure 1 ). VA+' decayed exponentially with a life-time independent both of their concentration and that of the parent veratryl alcohol, i.e. by a true first-order reaction; its life-time was estimated as 59 f 8 ms. Measurements of transient conductance revealed that the decay is accompanied by generation of H+. We interpret these results in terms of the deprotonation to yield a neutral carbon-centred radical (eqn. 2). Charge transfer with the polymeric dye Poly R When VA+' were generated radiolytically (as above) in the presence of Poly R, their rate of decay was increased and was proportional to the concentration of the polymeric dye [ 351. Simultaneously, a bleaching of the dye was observed at 548 nm, indicative of the formation of Poly R radical cations. The rate constant of this reaction, determined from the dependence of the observed rate on the dye concentration, was (5.1 kO.7) X 10' M-l*s-l. These results demonstrate the occurrence of a charge transfer reaction between VA" and Poly R.
Charge transfer with 4-MA
Radiolysis experiments were also performed with a "('CO y-radiation source, in which a low concentration of TIL+ was generated in steady state (approx. 4 ,uM/min) in solutions equilibrated with 5% oxygen (balance N,O). 4 shown that anisaldehyde is formed by rapid decarboxylation of the 4-MA+' followed by oxidation of the resulting carbon-centred radical via an addition-elimination mechanism (I,. P. Candeias and P. J. Harvey, unpublished work). In the presence of VA at a concentration such that it reacted with most (78%) of the TIL+ formed by irradiation, the depletion of 4-MA and the corresponding formation of anisaldehyde was decreased to levels that could be essentially accounted for by the fraction of TI2+ reacting directly with 4-MA (Figure 2 ). It must therefore be concluded that in aqueous solution VA+' are unable to oxidize 4-MA ( k < 5 X lo4
M-las-').
Discussion
Conflicting theories have appeared concerning the mechanism by which VA enhances the LiP-catalysed oxidation of lignin, hampered by the lack of information concerning the properties and reactivity of VA+' and aggravated by conflicting rate data for the formation and decay of the enzyme Secondly, the absorbance spectrum of VA+' show maxima at 300 nm ( E = 6900 M--cm-I ) and 420 nm ( E = 2800 M-I *cm-'). Consequently, VA" intermediates are likely to interfere with spectroscopic analyses of the formation of veratraldehyde monitored at 310nm (~= 9 3 0 0 M-l-cm-') and with kinetic analyses of LIP measured in the range 400-440 nm where the Soret and its different redox states also absorb.
Thirdly, by using the polymeric dye Poly R, we demonstrate unequivocally that VA+ ' will act as a charge transfer agent or redox mediator with Poly R, providing a rationale based on VA" as a mediator for the LiP-catalysed oxidation of Poly R and similar polymeric substrates. However, we also show that VA+' are unable to mediate in the oxidation of 4-MA in the homogeneous aqueous environment afforded by radiolysis chemistry. We obtained similar results using anisyl alcohol instead of 4-MA (results not shown), confirming an earlier report based on the use of meso-tetra-(26-dichloro-3-sulphonatophenyl)porphyrin iron chloride as the oxidant [39] . Current research based on crystallographic data for Lip has emphasized the presence of a channel leading to the distal side of the haem which would allow access of VA but not polymeric lignin lized by nucleophilic addition to a carbohydrate that has been located near the entrance to the enzyme active site channel; stabilization was deemed necessary to prevent further oxidation to veratraldehyde before charge transfer with the lignin polymer was possible. Compound I1 would now be reduced with a lignin benzylic radical produced after charge transfer by VA". However, apart from the requirement that the lignin polymer must bind to the surface of the enzyme, this model also assumes that the lignin benzylic radical will not react more rapidly with oxygen, which, as admitted by the author, is unlikely.
Our data indicated that in the aqueous solutions afforded by the radiolysis experiments, VA+' was unable to mediate in the oxidation of 4-MA, yet without subscribing to the view that VA+' functions as a redox mediator with Lip, the data are difficult to rationalize; this applies in particular to the oxidation of 4-MA in the presence of VA and to the enhancing effect of using u-veratryl alcohol with anisyl alcohol described above. We suggest, therefore, that in the enzyme-catalysed reactions, provision is made by the protein which overcomes the thermodynamic or kinetic barrier to charge transfer between VA+ ' and these monomethoxylated compounds. The simplest rationale is to suppose that the redox potential of VA+' in the enzyme system is higher than that in aqueous solution, and invoke a mechanism, possibly associated with the 'small aromatic channel' between haem and the external environment, which limits the extent of communication of VA+' to only a small fraction of substrate molecules. During catalysis with VA alone, exchange between VA+' and neutral VA molecules will occur and the rate of the Lip catalytic cycle may be limited by the rate of decay of VA+'. By contrast, in the presence of 4-MA (see Figure 3) , exchange between VA+' and 4-MA will occur, but the enzyme cycle will be driven forward by irreversible C-C side-chain cleavage of 4-MA+', yielding COz. The same may also hold for polymeric substrates. With anisyl alcohol, exchange between VA+' and neutral molecules will yield a mixed population of radical cations, whose further reaction in both cases will involve fragmentation of the C-H bond (see eqn. 2). On redox grounds, the equilibrium position will lie in the direction of products from the dimethoxylated aromatic, VA+ ', despite the more rapid C-H side-chain cleavage of the anisyl alcohol radical cation (84 ps life-time; cf. 59ms for VA+' [35] ). Evidently, this position can be altered by using wveratryl alcohol, lowering the rate of C-D side-chain cleavage at the same time as increasing the redox potential of the participating VA+' species.
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